Abstract. Human-induced vibration has become a serious serviceability problem due to the larger opening of girder, lighter floor systems and longer spans designed and used in practice. Vibration tests were undertaken in laboratory to research the vibrational characteristics of the arch pre-stressed concrete truss (APT) system spanning 16.0 m. Results from ambient vibration, impulse excitations (heel-drop and jumping) and steady-state incentives (walking and running) were presented. Dynamic characteristics such as natural frequencies, damping ratios, mode shapes and acceleration responses were studied and checked against the existing codes. Experimental results show that the investigated APT girder possesses high fundamental frequency and low damping ratio. Moreover, the perception factors based on the root-mean-square acceleration, vibration dose value (VDV) and psychological comfort data were obtained. Lastly, the threshold accelerations and VDVs were suggested for evaluating the human-induced vibration.
Introduction
The developed large-span arched prestressed concrete truss (APT) girder [1] is a modern efficient structural form that combines a reinforced concrete (RC) arch, the RC floor and prestressed concrete (PC) truss, which consists of RC upper chord, PC lower chord, RC webs ( Fig. 1) . The large web openings can accommodate for pipelines such as heating ventilating and air conditioning pipes, water supply pipes and electric/network cables [2] . This arrangement can eliminate a significant amount of dead space, but requires a more compact and economical design including the vibration assessment, the structural calculation and other considerations. This paper mainly focuses on the vibration serviceability evaluation of this APT structure. It appears that for long or light structures the vibration serviceability issue due to human activity has become a greater concern. Previous studies on building vibration serviceability including composite double-tee floors [3] , wood floors [4] , RC floors [5] , steel-framed floor with long-span metal deck [6] , etc. accelerate the development of vibration serviceability criteria. In reviewing the related ones, there have been many codes or standards focused on this kind of problems. For example, ISO 2631 [7] considers two different methods for assessing the vibrations. First, the health risks predicted by the root-mean-square (RMS) and maximum transient vibration value (MTVV) have been discussed in [1] . Second, the vibration is evaluated by the vibration dose value (VDV) which is more sensitive to peaks due to the fourth power of the acceleration. However, the ISO 2631 does not provide acceptable limits for the VDV.
For RMS evaluation, the widely used criteria ISO 2631 [7] and AISC design guide # 11 [8] suggest the limits in term of RMS acceleration as a multiple of the baseline. The multipliers range from 10 for offices to 100 for outdoor footbridges, as shown in Fig 2. For offices, ISO 2631 recommends a multiplier of 4 for continuous or intermittent vibrations and multiplier of 60 to 128 for transient vibrations.
Fig. 2. International standards association scale
As indicated in the previous section, peak and RMS accelerations have limitations for vibrations when the effect on humans is of concern. The key problem is that these measures do not consider the vibration duration as it is logical to expect that the building vibration tends to become more unacceptable the longer it lasts. As this type of vibration is typically not stationary the averaging methods such as RMS and MTVV, which depend on the vibration duration but do not necessarily increase with duration, may not provide reliable results. However, it has been overcome by the introduction of the VDV. Researchers have evaluated floor systems [9, 10] by VDV. Recommendations were made by Ellis and Littler and refined by other researcher, as listed in Table 1 . [11] 660-2380 Salyards, Hanagan and Trethrwey [12] 1400-4800 Casagrande, Giongo, Pederzolli, et al. [13] 400 Setareh [14] 1200
The purposes of this experimental study on APT were to evaluate the vibration behavior of such structure caused by human activities (i.e., heel-drop, jumping, walking and running) and to check its vibration performance against the current design specifications. The objectives of this research are summarized as follows:
(1) Analyze the main characteristics by sampled acceleration traces under both various human impacts and ambient vibration.
(2) Compare the results from the impulsive heel-drop and jumping loads and the walking and running excitations with the available vibration perception criteria.
(3) Study and propose the ARMS, and MTVV threshold values for different human activities corresponding to the perception factor = 3 (distinctly perceptible but can be acceptable). to low probability of discomfort.
Dynamic testing
A number of dynamic tests were conducted on the APT structure. They included different impact testing (heel-drop, jumping, walking and running) and ambient vibration testing of the structure.
Description
To evaluate and control the excessive vibration on the APT girder under human activities, experimental tests are the most expensive and complicated but the most reliable way to determine the dynamic properties. Therefore, the vibration tests were carried out and the APT girder considered in this study is 16 m long consisting of the RC floor of 120 mm thick by 1200 mm wide and 7 RC webs spaced at 2 m, as shown in Fig. 3 . The upper RC chords (of 270 mm height and 400 mm width), the RC arch members and lower PC chords (both of 150 mm height and 400 mm width), the RC web members (of 200/300/400 mm×400 mm), and the RC columns (500 mm×500 mm) were casted in the Chongqing University Structural Research Laboratory. The detailed main cross sections and material properties will not be repeated here because of the limitation of space. For more details, please see paper [1] . 
Monitoring system
The monitoring system employed in this study consists of eleven symmetrically arranged DH610V accelerometers with a range of ±5 ( is gravitational acceleration), one DH 5922N data acquisition system, and one Thinkpad T440 notebook, as shown in Fig. 4 . These accelerometers were placed along the axis of this APT girder spacing at 1000 mm near the mid-span and 2000 mm at the girder ends. The data acquisition system was used to sample all the data collected from these eleven accelerometers at 1000 Hz. The notebook was employed to control the data acquisition system, and more importantly, to storage and analyze the data transferred from the DH 5922N.
Test method
Experimental research is considered as a good way to determine the floor vibration properties. The transient activities carried out in this study include classic heel-drop and jumping impacts. The approximate height off the floor was kept at 80 mm for the heel-drop and 450 mm for the jumping. To clear the vibration performance of this APT girder under the steady-state excitation, the field ambient vibration test, walking and running tests were conducted (Fig. 5) . Note that the total duration for each steady-state excitation was controlled longer than 20 seconds. Each kind of impact was imposed on the APT girder on which 11 testers with different weights were considered (Table 2 ). These weights are representative of Chinese with an average of 63.13 kg which is much lighter than that of occidental. Therefore, it would be interesting to check whether the existing vibration criteria are suitable in China or elsewhere. The accelerometers were glued at the top of the APT specimen (Fig. 4) and all testers were required to stand near the accelerometers accordingly. During each kind of impact, tester S6 stood at Position A6 (Table 3) at the beginning of the test. Each tester's position was altered 11 times, producing 121 (= 11×11) measurement data (Table 3 ). Due to the limitations of test conditions, there are only 11 different testers who gave their feelings on different vibration. However, a total of 1320 perception factors were recorded, and the results show good for statistical evaluations. Moreover, this study is a primary exploration and further research and improvement will be carried out. In each position change, the impacts were imposed at Position A6 (mid-span) by the 11 testers for three repeated times, giving 66 (= 2×11×3) acceleration histories at each accelerometer for each position change. For each impact load, there were 363 (= 11×3×11) trials involved. A grand total of 1452 (= 4×363) trials were recorded. S2  S3  S4  S5  S6  S7  S8  S9  S10  S11  2  S11  S1  S2  S3  S4  S5  S6  S7  S8  S9  S10  3  S10  S11  S1  S2  S3  S4  S5  S6  S7  S8  S9  4  S9  S10  S11  S1  S2  S3  S4  S5  S6  S7  S8  5  S8  S9  S10  S11  S1  S2  S3  S4  S5  S6  S7  6  S7  S8  S9  S10  S11  S1  S2  S3  S4  S5  S6  7  S6  S7  S8  S9  S10  S11  S1  S2  S3  S4  S5  8  S5  S6  S7  S8  S9  S10  S11  S1  S2  S3  S4  9  S4  S5  S6  S7  S8  S9  S10  S11  S1  S2  S3  10  S3  S4  S5  S6  S7  S8  S9  S10  S11  S1  S2  11  S2  S3  S4  S5  S6  S7  S8 S9 S10 S11 S1 *Note: The boldfaced S number represents a tester standing at position during a test while the regular-face ones represent the testers standing at other positions accordingly during the tests.
During each test, one tester was responsible for producing the excitations at Position . The perception factors (1-5 as indicated in Table 4 ) related to the vibration serviceability were recorded by the other 10 testers. All the testers have been trained to give their feeling directly based on the psychological experiment requirements: (1) No hint before any impact testing; (2) Give perception senses without any interference. Therefore, the perception factors are decided by testers and somehow subjective, especially for the perception factors ranging from 3 to 4. However, the results are still valuable since the conservative acceleration amplitude (perception factor 3 instead of 4) is chosen for evaluating the floor vibration. For each impact load, there were 330 (= 10×3×11) perception factors involved, since one tester could not provide his/her own data while producing the excitations. A total of 1320 (= 4×330) perception factors were thus recorded by the testers. Moreover, the ambient vibration test was carried out to ascertain the vibration parameters, i.e., the natural frequency, mode shape, and damping ratio, etc. Based on the ambient vibration, the main characteristics were obtained using the enhanced frequency domain decomposition (EFDD) method [15] .
Results and discussion
The fundamental frequency of this APT girder keeps at 11.20 Hz, seen from the frequency domain, as shown in Fig. 6(a) , using the fast Fourier transform (FFT) technique to which the response data in the time domain were converted. It shows the same value using EFDD based on ambient vibration, as shown in Fig. 6(b) . According to the design guidelines specified in SCI P354 [16] , such frequency is above the threshold that would present an excessive vibration problem. The mode shapes of this APT are similar to those of the traditional beams and described in detail in paper [1] . The measured damping ratios for the APT girder are generally lower than the critical damping ratio of 2 % as suggested by the AISC [8] . The damping ratios vary narrowly between 0.8 % and 1 % for the first three vibration modes. Accordingly, a damping of 1 % is recommended for the APT girder system.
Perception VDV
The vibration dose value (VDV) in m/s 1.75 can be calculated by: In which ( ) means the weighted acceleration signal, is the duration of which the VDV is calculated. The VDV gives more emphasis to the magnitude of vibration than duration [17] . Therefore, it is thought to be more appropriate than RMS since it is based on the forth power instead of second power of the acceleration time history.
For discrete acceleration points, the value of VDV can be defined by:
where means the values of discontinuous acceleration points, stands for sampling frequency, which is 1,000 Hz for both transient activities (heel-drop and jumping) and steady-state incentives (walking and running). While is the number of data points in the digitized sample, which is 10,000 for transient activities and 20,000 for steady-state incentives, respectively. There are different VDVs corresponding to perception factors from 1 to 5 based on the test results. The perception factor = 3 (Distinctly perceptible but can be acceptable in Table 4 ) is chosen for determining the threshold values for human comfort. The acceptable VDV values due to various human activities are shown in Fig. 8 . The VDVs under transient activities (heel-drop and jumping) are larger than those under steady-state incentives (walking and running). Based on this study, the threshold VDVs 300-600 mm/s 1.75 for transient activities (319.01 mm/s 1.75 for heel-drop and 624.99 mm/s 1.75 for jumping in Fig. 8 based on testing results) and 160-240 mm/s 1.75 for steady-state incentives (165.45 mm/s 1.75 for walking and 245.48 mm/s 1.75 for running in Fig. 8 based on testing results) are recommended. These VDVs for walking and running are much lower than the threshold values (400-4800 mm/s 1.75 in Table 1 ) proposed by the researchers and therefore, more attention should be paid when evaluating the floor vibration using VDV.
Conclusions
A comprehensive research was undertaken to study the vibration behavior of the arch pre-stressed concrete truss (APT) by conducting the heel-drop, jumping, walking and running excitations. Analysis of this research led to the following conclusions:
1) The investigated APT girder possesses high fundamental frequency (11.20 Hz) and low damping ratio (1 %).
2) The threshold peak accelerations of 650 mm/s 3) Multipliers of 13 and 19 applied to the ISO baseline are recommended when evaluating the walking and running vibration serviceability using MTVV for the APT structure in offices and 
